Nanoelectronic devices based on ferroelectric domain walls (DWs), such as memories, transistors, and rectifiers, have been demonstrated in recent years. Practical high-speed electronics, on the other hand, usually demand operation frequencies in the giga-Hertz (GHz) regime, where the effect of dipolar oscillation is important. In this work, an unexpected giant GHz conductivity on the order of 10 3 S/m is observed in certain BiFeO3 DWs, which is about 100,000 times greater than the carrier-induced dc conductivity of the same walls. Surprisingly, the nominal configuration of the When a multi-domain ferroelectric crystal is placed in an ac electric (E) field, the electrostatic coupling between the spontaneous polarization and the external field may lead to periodic oscillation of the domain walls (DWs). [1] [2] [3] Because of the inertia of dipole moments and frictional effects in the material, such DW motion gives rise to collective dielectric loss at the microwave frequency (f), which limits the use of bulk ferroelectrics for RF tunable devices. [4] The situation could be different, however, if we can fully understand the dielectric response of individual DWs and address them separately in electronic devices. For instance, one may take advantage of the ac conductivity of DWs due to the dipolar loss s1 ac = we¢¢, where w = 2pf and e¢¢ is the imaginary part of the permittivity, to function as device interconnects or high-f waveguides.
discontinuity is parallel to the wall plane. Moreover, the change of polarization vector across the wall lies in the plane of film surface. Consequently, an out-of-plane oscillating E-field, which is most relevant for thin-film devices with bottom electrodes, should not couple to the DWs here.
In order to study the GHz dielectric response of Sample A, we performed the MIM experiment, [12, 13] where the microwave signal is delivered to the center conductor of a shielded cantilever probe. [22] By amplifying and demodulating the reflected signal, the imaginary (MIM-Im) and real (MIM-Re) parts of the tip-sample admittance can be spatially resolved. Before the MIM imaging, the probe and electronics are calibrated by measuring by measuring standard samples, e.g., Al dots on sapphire substrates. [13] Figure 1b shows the atomic-force microscopy (AFM), in-plane piezo-force microscopy (PFM), and MIM (f = 1 GHz) images of Sample A. With virtually no crosstalk to the surface topography, the stripe domains are clearly visualized in the PFM image. The microwave images, on the other hand, exhibit strong signals at the walls. Similar behaviors were also observed at other frequencies ranging from 20 MHz to 5 GHz (Supporting Information S1). The frequency dependence is comparable to that observed in h-RMnO3 [16] , indicative of similar physical origins between the two systems. In the following, we will focus on the 1 GHz data with good signal-to-noise ratios in both MIM channels.
The MIM contrast between DWs and domains in Sample A can be vividly seen from the line profiles in Figure 1c . To quantify the result, we carried out finite-element analysis (FEA, Supporting Information S2) to compute the complex tip-sample admittance and convert them to the MIM signals. [12] Figure 1d shows the simulated results as a function of the effective DW ac conductivity. Since the measured DW signals in the MIM-Im channel is ~ 10 times stronger than that in MIM-Re (Figure 1c ), a comparison to the numerical simulation with the ratio MIM-Re/MIM-Im of ~ 0.1 [16] indicates that σ "#,( $% is ~ 10 3 S/m, the highest value reported in BFO to date. [5, 23] In contrast, the conductive AFM (c-AFM) result shows that the carrier-induced dc conductivity σ "#,( &% of these charge-neutral walls is only 10 -2 S/m (Supporting Information S3). It should be noted that while defects may accumulate near ferroelectric DWs, hopping conduction of weakly localized states at finite frequencies [24 -26] cannot explain the ~ 10 5 times higher σ "#,( $% over σ "#,( &% . Such a drastic difference implies that the microwave response of the inclined 71° DWs is dominated by the collective dipolar loss rather than the Ohmic loss. As discussed before, the vibrational motion of this DW, if exists at all, is in principle decoupled from the out-of-plane microwave fields (inset of Figure 1d , see Supporting Information S2). The excitation of such a nominally silent mode in our MIM experiment is thus unexpected and highly nontrivial.
Before further investigating the DW vibration in Sample A, it is instructive to evaluate the result of a control sample, 50 nm BFO / 30 nm SRO thin film on (110)C cubic SrTiO3 substrate, hereafter referred to as Sample B. As depicted in Figure 2a , the (110)C-oriented BFO film exhibits an irregular domain pattern that is consistent with our earlier work (Supporting Information S3). [23] DWs in this sample are also categorized as 71° walls. The two polarization vectors in neighboring domains span from the 'head-to-head' (HtH), neutral, to the 'tail-to-tail' (TtT) configurations. The maximum DW dc conductivity due to free-carrier conduction is ~ 3 S/m in the HtH configuration (Supporting Information S3), consistent with previous reports. [27, 28] In Figure 2b hopping conduction [24 -26] nor DW vibration is significant and the microwave response of vertical 71° DWs can be fully accounted for by the mobile-carrier contribution.
The major difference between the two BFO samples is the orientation of DWs with respect to the surface. In an infinite bulk sample with one DW, the diagonal mirror plane indicated by the dashed line in Figure 3a is a symmetry operation. As a result, the nominal orientation of DWs in Sample A is tilted 45° away from the surface normal. In thin films with a finite thickness, however, the strain near the surface can be relaxed and violation of the compatibility constraint [29] does not lead to infinite elastic energy. The stress near the surface is therefore imbalanced on two sides of the wall. Using a simplified Ginzburg-Landau model, [18] one can show that the DW bends towards the normal direction near the surface. [30] We note that the bending of 71° DWs near the surface of BFO thin films has been experimentally observed by TEM and PFM studies. [31, 32] Figure 3a shows the spatial distribution of Pz (out-of-plane component of the polarization) in the cross-section of the film, as simulated by electromechanical finite-element method. [30] Because of the large spontaneous polarization in BFO, [21] the imbalance of Pz across the wall is comparable to polarization change across the 180° walls in h-RMnO3 [16] and h-RFeO3. [17] The asymmetric Pz profile can now couple to the out-of-plane MIM E-fields and induce DW vibration in Sample A.
In contrast, since DWs in Sample B are perpendicular to the film surface, no asymmetry in the stress/strain or polarization is induced around the wall (Supporting Information S7), thus the absence of DW dielectric loss.
The excitation of DW vibration in Sample A can be validated by our dynamical phase-field model, [33] where the time-dependent response of the polarization vector is computed using the polarization dynamics equation [34, 35] (Supporting Information S8). Figure 3b shows a snapshot of ¶Pz/ ¶t at t = T/4 when a sinusoidal E-field (µ sin2pt/T) is uniformly applied between the top surface and the conductive substrate. The bipolar line shape around the wall clearly manifests the DW sliding [16] under the out-of-plane ac E-field. To understand the influence of DW vibration on electrical energy loss, we performed a series of simulations by moving a tip-induced potential profile across the sample surface. Figure 3c shows the spatial distribution of power density ¶P/ ¶t × E integrated over one period when the tip is on top of DW and away from the wall. The effective ac conductivity, estimated from the spatial summation of the time-averaged value ( ¶P/ ¶t × E)/E 2 , is plotted as a function of the tip location in Figure 3d . The appearance of strong s1 ac at the DW demonstrates that our simple 2D dynamical phase-field simulations capture the essential physics behind the experimental observation in Sample A.
In summary, we discover the excitation of a nominally silent mode in BiFeO3 domain walls by the out-of-plane electric field from a microwave probe. The effective ac conductivity of such inclined 71° DWs is about 10 5 times greater than the dc value, signifying the predominance of bound-charge oscillation over mobile-carrier conduction in the sample. Our analysis based on the electrostriction effect shows that the out-of-plane polarization is imbalanced around the wall.
Phase-field simulation further indicates that such an asymmetric polarization profile can couple to the ac electric field from the tip, resulting in strong power dissipation at the DW. We emphasize that, while the physical origin is different, the ac conductivity due to dipolar loss is equivalent to that from the electron conduction for microwave electronics. The collective vibration under an outof-plane electric field is localized perpendicular to the wall but free to propagate along the DW plane, [16, 30] which may be utilized as, e.g., high-f waveguides. In that sense, this work represents an important step towards implementing DW nanoelectronics for RF applications.
Experimental Section
Material shielded microwave cantilever probes [22] are commercially available from PrimeNano Inc. The two output channels of MIM correspond to the real and imaginary parts of the local sample admittance, from which the effective ac conductivity of the sample can be deduced. Numerical simulation of the MIM signals was performed by the finite-element analysis (FEA) [16] software COMSOL4.4. Details of the FEA on the two samples are included in Supporting Information S2.
Dynamic phase-field simulation:
A phase-field model taking into account the polarization dynamics was used to simulate the domain and domain wall response in the BFO thin films under an ac electric field [14, 34, 35] . The 2D simulation we performed has 512 grids in the x-direction and showing a sharp peak when the tip scans across the DW. GHz. Following the procedure in Ref. [16] in the main text, we are calculating the ratio of MIM-Re/MIM-Im contrast, which is much less sensitive to the tip diameter and tip-sample contact area in the actual experiment, to perform quantitative analysis. Because of the very weak MIM-Re signals, it is difficult to determine the effective DW ac conductivity in a quantitative manner using the response curves in Figure 1d in the main text. In the table of Figure S1b , we provide the simulated σ "# $% values based on the FEA curve. Due to the poor signal-to-noise ratio in the MIM-Re data, the results only serve as order-of-magnitude estimates. The overall characteristics are similar to that observed in h-RMnO3 [S1] . Quantitative analysis of the MIM data was carried out by finite-element modeling [S2] using COMSOL 4.4. The program can directly compute the admittance between the tip and the ground based on the tip-sample geometry ( Figure S2 ). Due to the lack of axisymmetry when a DW is involved, 3D modeling is needed for this work. Dimensions of the sample structure are labeled in Figure S2 . The dc conductivity of DWs in the two BFO samples can be estimated from the C-AFM data ( Figure S3a ). Figure S3b A is on the order of 10 -2 S/m, which is quoted in Figure 1d in the main text. In contrast, only segments of the charged DWs in Sample B exhibit a much larger current, as shown in Figure S3c .
Unexpected Giant Microwave Conductivity in a Nominally Silent BiFeO3 Domain Wall

S2. Finite-element analysis of the MIM data.
The combined C-AFM and PFM images indicate that these high-current regions correspond to the 'head-to-head' polarization configuration. Following the same steps, the dc conductivity of vertical DWs is ~ 3 S/m, as estimated from the I-V curve in Figure S3d . The results are in good agreement with reports in the literature [S3, S4] .
We also include here the AFM and PFM images ( Figure S3e ) of sample B with a large field of view. The irregular patterns such as meander and closed domains are similar to that in our previous work [S5] . Note that the absence of phase contrast in the out-of-plane PFM image indicates that only one of the three quasi-cubic components of the BFO polarization changes direction across the wall, i.e., they are 71° DWs. A detailed analysis of the MIM-Re data in Sample B is shown in Figure S4 . The domain structures are resolved by the in-pane PFM image in Figure S4a , from which the neutral, head-tohead (HtH), and tail-to-tail (TtT) segments of the DWs can be determined ( Figure S4b Figure S6a , we denote the angle with respect to the [001]C axis as q. The result in Figure S6b clearly indicates that q = 90°, i.e., DW perpendicular to the sample surface, is the most favorable configuration in terms of the DW energy. Note that we have turned off the electrostatic interaction in the calculation due to the charged wall and only considered the elastic condition. In reality, it is possible that the wall may become rough in the microscopic length scale in order to accommodate the polarization charges. This minor effect, however, will not change our overall discussion of the HtH DW orientation in Sample B. Figure S7 shows the results of our Ginzburg-Landau analysis on both samples [S6] . For Sample A, the asymmetric stress (dashed boxes in Figure S7a ) near the film surface leads to deviation of the DW from its orientation in the bulk. The resultant asymmetric strain induces imbalanced Pz on two sides of the wall via electrostriction, as seen in Figure S7b . For Sample B, however, the DW is perpendicular to the film surface, therefore no asymmetry in the stress/strain ( Figure S7c ) or polarization ( Figure S7d) is induced around the wall.
S7. Stress and polarization fields in both samples.
S8. Details of the phase-field modeling. Figure S8 . Configuration for the dynamical phase-field simulation of Sample A.
A phase-field model taking into account the polarization dynamics [S7] was used to simulate the domain and domain wall response in the BFO thin films under an ac electric field. The dynamic response of the local polarization field P(r), where r is the position vector, is described by a modified time-dependent Ginzburg-Landau equation with an additional term of second-order timederivative of P accounting for its intrinsic oscillation, i.e., , , + + = 0 (1)
where µ and g are kinetic coefficients related to the domain wall mobility. The equation was numerically solved using a semi-implicit Fourier spectral method. F = Flandau + Fgradient + Felectric + Felastic is the total free energy of the ferroelectric BFO. Flandau, Fgradient, and Felectric are the ferroelectric landau free energy, ferroelectric gradient energy, and electrostatic energy, respectively [S8, S9] . The elastic energy Felastic is expressed as follows. where c is the elastic stiffness tensor and ε 0 ij = QijklPkPl is the stress-free strain related to the local ferroelectric order (Q denoting the electrostrictive coefficient tensor). The time step in the simulation is 0.01 ps. The polarization, permittivity, stiffness, and electrostrictive parameters of BFO were taken from Ref. [S10] . The kinetic coefficients µ = 10 -16 J×m/A 2 and g = 10 -4 J×m/(A 2 ×s)
were used in the simulation. In particular, the effective damping coefficient g corresponds to a bulk dielectric loss of tand ~ 0.01 at 1 GHz, which is consistent with the literature. Figure S8 shows the geometry of our 2D simulation, with 512 grids in the x-direction and 64 grids in the z-direction.
Each grid here represents 0.4 nm. The BFO thin film, 50 grids in height, is terminated by 4 grids of vacuum on the top surface and 10 grids of conductive substrate on the bottom surface. The 27 periodic boundary condition is applied in the x-direction. Two types of external potential were used in the simulation. For Figure 3b in the main text, a uniform ac electric field E = E0 sin(2pt/T), where E0 = 10 5 V/m and T = 1 ns, is applied between the top surface and the substrate. For Figure   3c in the main text, a Lorentz distribution of tip-like electric field (maximum field 10 5 V/m) is scanned across the top surface. Finally, the displacement current density jP = ¶P/ ¶t is simulated by the dynamical phase-field modeling and the time-averaged dielectric loss density ¶P/ ¶t × E is plotted in Figure 3d in the main text.
